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We demonstrate high quality factor thin-film nanocrystalline diamond micromechanical resonators with quality factors limited by thermoelastic damping. Cantilevers, single-anchored and double-anchored double-ended tuning forks, were fabricated from 2.5 lm thick in-situ boron doped nanocrystalline diamond films deposited using hot filament chemical vapor deposition. Thermal conductivity measured by time-domain thermoreflectance resulted in 24 6 3 W m À1 K À1 for heat transport through the thickness of the diamond film. The resonant frequencies of the fabricated resonators were 46 kHz-8 MHz and showed a maximum measured Q % 86 000 at f n ¼ 46.849 kHz. The measured Q-factors are shown to be in good agreement with the limit imposed by thermoelastic dissipation calculated using the measured thermal conductivity. The mechanical properties extracted from resonant frequency measurements indicate a Young's elastic modulus of %788 GPa, close to that of microcrystalline diamond. V C 2014 AIP Publishing LLC.
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The quality factor, Q, is an important figure-of-merit that describes the performance of micro and nanoelectromechanical systems (MEMS and NEMS) resonators in applications such as oscillators used for precision frequency standards for integrated circuits, 1 timekeeping, 2 filtering, 3, 4 inertial sensors, 5 and biosensors. 6, 7 Understanding and minimizing the extrinsic and intrinsic dissipation mechanisms have been the main research objectives in obtaining stable high Q-factor resonators in the MEMS and NEMS communities. [8] [9] [10] [11] [12] While extrinsic dissipation sources such as anchor loss 13 are dependent on the resonator design and fabrication process, intrinsic dissipation sources, such as thermoelastic damping [14] [15] [16] (TED), strongly depend on the material from which a resonator is fabricated. Fundamentally, TED is the conversion of elastic energy into thermal energy via heat flow between compressed and expanded regions in the resonator material. Therefore, a successful high-Q resonator design involves not only a suitable geometrical design but also a proper choice of material to minimize TED. For this purpose, materials with low thermal expansion coefficient and high thermal conductivity are desirable. Diamond is among the most compelling materials due to its superlative properties offering high thermal conductivity (>2000 W m À1 K
À1
), low thermal expansion coefficient (a % 1.2 ppm/ K), high melting point, and high acoustic velocity [17] [18] [19] ( ffiffiffiffiffiffiffiffi ffi E=q p % 17 300 m s À1 ). Indeed resonators with very high Q factors were demonstrated in single crystal diamond (SCD) films on small (<2 mm 2 ) substrates. 20, 21 However, SCD films are difficult to integrate with complementary metal oxide semiconductor 18 (CMOS) electronics and are only available on small substrates. Although polycrystalline diamond (PCD) does not possess all of the superlative properties of its bulk analog, it retains some important properties such as high elastic modulus, 22 low thermal expansion coefficient, high acoustic velocity, 22 and chemical inertness. 7, 18 Most importantly, wafer-scale growth of diamond films is only possible in polycrystalline form at the moment.
In this work, we describe high Q micromechanical resonators fabricated from boron-doped nanocrystalline diamond (NCD) thin films deposited through hot filament chemical vapor deposition (HFCVD). To understand the connection between NCD film properties and TED, the thermal conductivity of the diamond film was measured using time-domain thermoreflectance (TDTR). 23, 24 Resonators were designed and fabricated from the NCD film to target the range of frequencies where TED is the main contributor to the overall Q. Using frequency response measurements of a large number of resonators, we show that the measured Q values are in good agreement with theoretical TED limit computed using the first-order Zener model. 15 Previous work on NCD and ultra NCD (UNCD) showed relatively low mechanical Q (<20 000) for flexural resonators operating at frequencies in the kHz to MHz range 17, [25] [26] [27] [28] mainly due to reduced diamond film quality or increased extrinsic dissipation related to resonator design. Furthermore, many of these reports assumed very high thermal conductivity (j > 1100 W m À1 K
) close to that of SCD when modeling the TED limit. Although high thermal conductivity has been reported previously for thick (250-500 lm) polycrystalline films, 29, 30 MEMS resonators are typically fabricated from thin layers ranging from 1 to 30 lm in thickness. Thin-film microcrystalline diamond (MCD) has also shown relatively higher j and Q than NCD films. [31] [32] [33] However, MCD films usually have rough surfaces, high residual compressive stress, and poor intergranular adhesion. 34 In addition to faster growth rate, NCD films exhibit smoother surfaces that enable resonators to have sharply defined geometries. 22 The TED-limited Q factor (Q TED ) predicted by Zener for flexural mode beam resonators is expressed as 14, 35 
with
where f min is the frequency at which the minimum Q occurs (i.e., Q min ), f is the mechanical resonant frequency, C is the specific heat capacity, q is the density, E is Young's modulus, a denotes the coefficient of thermal expansion, T 0 is the temperature at equilibrium, j is the thermal conductivity, and w represents the width along the direction of movement. The parameters of the studied NCD film are summarized in Table I . The two-mask fabrication of resonators was started by depositing a 2.5 lm thick layer of low temperature oxide (LTO) via CVD on 4 in. [100] Si wafers. The wafers were then seeded in an ultrasonic bath containing a solution with 5-50 nm nano-diamond powder. The wafers were spun-dried and placed in a large-area multi-wafer HFCVD diamond deposition reactor (Model 655, sp3, Inc.). Diamond films were grown in the reactor using H 2 and CH 4 as precursor gasses and trimethylboron (TMB, (CH 3 ) 3 B) to provide in-situ boron doping. To grow NCD films, the CH 4 :H 2 ratio was set to 2.7% and TMB:CH 4 concentration was 1333 ppm, which resulted in 7.7 kX/ٗ sheet resistance. Deposition was conducted at a pressure near 25 Torr and temperature of 700-750 C with wafer-to-filament distance of $12 mm. A second $1 lm layer of SiO 2 was deposited as a hard mask using plasma-enhanced chemical vapor deposition (PECVD). The oxide was then patterned and etched using conventional lithography. The diamond layer was etched in an inductively coupled plasma (ICP) etcher (SPTS Technologies) at a process pressure of 30 mTorr with O 2 /CF 4 plasma at a flow ratio of 50:1. By setting the DC power to 300 W and RF power to 1500 W, the etch rate was determined to be $20 nm/min. The second lithography pattern defined metal bond pads. Ti/Au (30 nm:120 nm) was deposited using electron beam evaporation followed by a lift-off process to form the electrical contacts. The structures were then released via a timed wet etch of the SiO 2 layer using 49% HF. To avoid stiction, the structures were put in an acid solution bath containing a mixture of HF, HNO 3 , CH 3 COOH acids (HNA) with 2:7:1 ratio, for a short period to etch the Si floor and increase the structure to substrate distance.
To characterize the NCD film, Raman spectroscopy, a standard and non-destructive characterization technique for carbon based systems, was used. As shown in Fig. 1 , the Raman measurement of the NCD film, using k ¼ 514 nm source wavelength, showed a pronounced diamond peak at 1332 cm
. The measurement was performed with the incident laser power of the spectrometer set to 1% (i.e., 0.22 mW), the objective lens to 50Â, numerical aperture (NA) of 0.75, and the integration time to 20 s. The extra feature at 1150 cm À1 has been attributed to nanocrystalline diamond. [36] [37] [38] However, Ferrari and Robertson, 39,40 through Raman spectroscopy taken at different excitation energies, showed that the peak at 1150 cm À1 and its companion at 1480 cm À1 are a signature of trans-polyacetylene and that carbon-to-carbon sp 3 vibrations are not the origin of these peaks. These peaks are shown in Fig. 1 and are denoted as 1 and 3 , respectively. The other peak at 1550 cm À1 , also known as G peak, is associated with sp 2 -bonded graphite or graphitic materials, and the D peak at 1350 cm À1 indicates the presence of amorphous carbon. The appearance of non-diamond materials is attributed to the increased concentration of methane during the deposition of NCD films in comparison to the deposition of MCD. The elastic modulus, E, was extracted from resonant frequency measurements of microcantilevers etched onto the wafers and was determined to be 788 GPa. This value is very close to the Young's modulus of MCD films reported previously using the same HFCVD reactor. 31, 32 The TDTR measurement starts by sputtering %80 nm Al layer on the diamond film at room temperature to serve as an optical transducer. The setup involves a Ti:sapphire laser that is split into two beams: a pump beam and a probe beam. The pump beam is electro-optically modulated at %10 MHz and the arrival time of the pump beam on the sample surface is adjusted using a mechanical stage over a range of 4 ns. The probe beam is chopped at %200 Hz. Both beams are then focused on the sample; the Al layer is heated by the pump beam and the temperature change is monitored by the probe beam through the change in Al optical reflectivity. The signals are detected via a photodetector whose output is sent to a lock-in amplifier to measure 10 MHz components. The ratio of the obtained in-phase and out-of-phase signals was compared to a multilayer thermal transport model. 23 To determine the thermal conductivity of the diamond film, the Si/diamond conductance was set to 50 MW m À2 K À1 while the thermal conductance of the Al/diamond and thermal conductivity of diamond layer were varied to obtain the best fit between the measured data and the model. The thermal conductivity of NCD film was thereby determined to be 20-27 W m À1 K
. A scanning electron microscopy (SEM) image, Fig. 2(a) , illustrates the cauliflower surface morphology of the NCD film, and its etched sidewall, shows the columnar grains spanning the thickness of the film. The grain size varied from 20 nm to 50 nm with an average of approximately 40 nm. Quality factor measurements were conducted using cantilever beams, double-anchored and single-anchored double-ended tuning fork (DA-and SA-DETF) resonators, Figs. 2(b) and 2(c). The resonator length varied from 70 lm to 359 lm to span a frequency range from $46 kHz to $8 MHz. The thickness of the resonators was 2.5 lm and the DETF tine widths were 3.8 lm and 4.9 lm. Compared to other types of flexural resonators, DETF resonators have the advantage that their symmetric vibration mode minimizes the dissipation due to anchor loss by increasing the energy transfer between the two tines. These structures are advantageous, especially at higher frequencies where the anchor loss is dominant in simpler resonators such as cantilevers. 26 In this study, the cantilevers were designed such that the anchor loss is not the dominant dissipation mechanism.
To reduce the air damping, resonators were tested in a vacuum chamber at P < 100 lTorr. To measure the out of plane (OP) modes of cantilever beams and DETF resonators, the structures were placed on a vertically operating piezoelectric actuator, and the frequency responses were measured using a laser Doppler vibrometer (LDV) in conjunction with a network analyzer (NA). The Q factor was extracted by fitting a second order transfer function to each measured frequency response. To distinguish between the symmetric and anti-symmetric vibration modes in the DETF resonators, the LDV laser spot was placed on each tine; 180 phase reversal between the two tines indicated that the mode is antisymmetric while no phase reversal showed a symmetric mode. The in-plane (IP) symmetric and anti-symmetric modes were excited and detected electrostatically. LDV detection was further used for IP modes to ensure the Q was not degraded by any dissipation related to electrical detection. Fig. 3 shows a representative frequency response magnitude and phase of the cantilever beam resonator which exhibited the highest Q % 86 000 at a resonant frequency f n ¼ 46.846 kHz.
The theoretical Q TED and the measured Q versus resonant frequency are plotted in Fig. 4 . To enable the comparison of resonators with different dimensions (i.e., out-ofplane resonators with 2.5 lm thickness, and in-plane resonators with 3.8 lm and 4.9 lm tine widths), the frequencies were normalized by f min , the frequency at which the minimum Q occurs. The calculated f min using Eq. (3) 1.58 MHz, and 932 kHz, respectively. The measured Q values at various frequencies are in good agreement with the theoretical Q TED limit plotted using j ¼ 24 W m À1 K À1 , the value measured via TDTR. At frequencies above $500 kHz (i.e., mostly the frequencies above f min ), the results from the IP symmetric mode of the SA-DETFs (denoted by yellow pentagons in Fig. 4 ) noticeably follow the TED trend line (shown in solid red) and fall within 620% of Q TED (dashed blue lines).
The measurement results from the IP symmetric mode of the DA-DETFs (cyan diamonds) follow the same trend with slightly lower Q's than the SA-DETF. The additional damping most likely arises from the anchor loss due to fabrication imperfections, and evidently the DA-DETFs are more affected as they possess two anchors compared to the SA-DETFs. The IP anti-symmetric vibration mode of the DETFs, where the two tines vibrate in-phase, at frequencies >6 MHz (f n /f min $ 10), behaves analogously to a clamped beam resonator and therefore anchor loss is significant, since
anchor . The measured Q values for the IP anti-symmetric mode follow the well-established theoretical models for anchor loss in beams. 41, 42 The cantilevers (red circles) and the OP modes of the DETFs (green squares) also follow the predicted TED trend and are not significantly affected by anchor loss since Q TED is more than an order of magnitude smaller than Q anchor by design. The deviation of the measured Q from Q TED for these low frequency resonators possibly comes from the contribution of surface loss. 43 The source of this damping mechanism and methods to reduce it are under investigation.
In conclusion, high quality-factor thin film NCD resonators limited by TED were demonstrated. Cantilever, SA-DETF, and DA-DETF resonators with frequencies ranging from $46 kHz to $8 MHz were fabricated from NCD deposited using a multi-wafer HFCVD reactor. The thermal conductivity of the film was measured to be 24 6 3 W m À1 K À1 using the TDTR technique. The reduced j, compared to SCD, is attributed to a high density of grain boundary scattering in NCD. 44, 45 The Q measurements were in good agreement with the TED limit predicted by Zener. The NCD resonators resulted in high Q's with a max. Q % 86 000 at f n ¼ 46.849 kHz. Further increases in Q are possible by reducing the surface loss at low frequencies as well as by improving the diamond deposition conditions to increase the thermal conductivity.
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